While a number of tests exist to characterize wiping materials for their capacity and rate of sorption, none of these static tests describe how effectively a wiper will remove liquid from a surface under dynamic conditions of use. This paper describes the development and application of a test for dynamic wiping efficiency, or "wipe-dry," under conditions similar to manual wiping operations. The method was used to characterize 11 commercially available fabrics used as wipers in industrial, food service, and cleanroom applications. As a class, fabrics constructed by hydroentangling generally outperformed those made by other means. Of those, fabrics with bulky character exhibited superior wipe-dry. Also included are comparative data of sorbent capacity, rate of sorption and bursting strength.
Introduction
Many tests exist for assessing the suitability of fabrics for their use as industrial, food service, or cleanroom wiping materials. While some procedures address cleanliness (particles, ions, non-volatile residue, linting) and strength (tensile strength, bursting strength, abrasion resistance), others address the functional characteristics of wiping materials with a view toward quantifying their sorptive properties: viz., the rate and capacity with which wipers can sorb liquids.
Foremost among the tests for quantifying sorptive capacity properties of wiping materials are those found in IST 10.2(98) from INDA, Association of the Nonwoven Fabrics Industry [1] . In fact, the test used in this study for quantifying the intrinsic sorptive capacities of the wiping materials in this study is the one cited in this Standard. Other methods, however, also exist to measure capacity: the basket test [2] , the test for intrinsic and extrinsic capacity [3, 4] , and the demand absorbency test (GATS) [5, 6] . Some of these same tests as well as others are used to measure the rate of sorption: the intrinsic and extrinsic rate test [3] , the basket test [2] , the time to half sorption [7] , the water drop test [8] , demand absorbency test (GATS) [5, 6] , and the wicking rate test [2] . While all of these tests permit (albeit to differing degrees of scientific validity) one to differentiate wiping materials according to their ability to sorb liquids, each test is somewhat static in nature. None of them addresses, directly or indirectly, the ability of a wiper to remove liquid from a surface in a dynamic fashion, that is to say, under pressure and under conditions similar to those which might exist during manual wiping operations.
During the manual wiping up of a pool of fluid with a wiper, liquid is, to be sure, sorbed into the fabric. At the same time, however, other forces also come into play which act counter to this sorptive process: 1) the pressure exerted during wiping can either retard sorption or force already sorbed liquid out of the wiper, 2) because of surface tension differences, competition for the liquid exists between the wiper and the fluid as well as between the surface and the fluid. Putting it more simply, the net result is that liquid is sometimes left behind on wiped surfaces. Not all wipers can "wipe dry" even when their capacities, as determined by static tests such as those mentioned above, are not exceeded. This is particularly true for items made from hydrophobic synthetic polymers, which frequently leave trails or droplets of water behind in the wake of manual wiping operations.
In this paper, tests are described for the dynamic removal of a liquid from a surface. 
Background
Macfarlane [9] recently published a test for measuring the ability of a fabric to wipe a surface dry. In this test, a wiper is affixed to the bottom side (7 cm by 7 cm) of a 1-kg sled. The sled ( Figure 1 ) is placed onto a 1-mL pool of liquid on a melamine surface; time is allowed to elapse, then the sled is pulled a distance of 1 m at a rate of 50 cm/s. The wiper, now wetted with liquid, is removed from the sled and its mass compared to its previously determined dry mass. Efficiency of liquid removal is defined as the percentage of the liquid challenge removed from the surface. Oathout [10] modified this technique for cleanroom use, selecting a 11.4 cm by 11.4 cm (4.5 in. x 4.5 in.) sled to accommodate quarterfolded samples 22.8 cm (9 in.) on a side, used a 50 cm stainless steel pan to contain particles to be enumerated after wiping, and elected a speed of 25 cm/s. A liquid challenge range up to 130% of wiper capacity was placed in front of the sled rather than under it to more accurately simulate spill removal. This test was called Dynamic Wiping Efficiency. In the sections that follow, we first discuss the wiping materials used for this current study and their characteristics. This is followed by descriptions, data and discussion of the tests for dynamic wiping efficiency as applied to a range of industrial, food service and cleanroom wiper fabrics.
Wiping Materials
This study was conducted using 11 wiping materials, representative of items commonly used in industrial, food service, and cleanroom applications and spanning a range of composition, construction, basis weight and cost. Selected physical characteristics are given in Table 1 , including basis weight, composition, method of construction, etc. Seven of the items were nonwoven: Two of the fabrics were knitted of 100% polyester, one with sealed edges and one without. A woven cotton twill fabric and a meltblown thermal bond fabric rounded out the series. All of the items were obtained commercially.
In Table 2 , the static sorptive capacities and rate of sorption for the eleven wipers are given, as well as bursting strength as determined by standard tests [1, 11] . As will be described later, the values for 
The Test For Dynamic Wiping Efficiency
(DWE) For this study, we drew on the earlier methods of Macfarlane [9] and Oathout [10] , using elements of each. We opted for a wiping speed of 25 cm/s as being more realistic than 50 cm/s. For the surface to be wiped, we substituted a 2 ft x 4 ft stainless steel plate typical of the food service industry. We used a 1-kg sled whose footprint had dimensions of 114 mm (4.5 in.) on an edge, this to accommodate wiping materials quarter-folded from a common size of 229 mm by 229 mm (9 in. by 9 in.).
Instead of a single challenge consisting of 1 mL of water, we used a 10 mL challenge and a challenge equivalent to 50% of the wipers' sorptive capacity as measured by their A i 's.
Rather than placing the fabric and sled directly onto the liquid pool and then allowing time to elapse before beginning the 1-m traverse, we placed the liquid challenge in front of the sled and then pulled the sled into and through the pool, a situation which resembles more closely the phenomenon of wiping up real spills.
The following equipment, or its equivalent, is needed: balance: top loading, shielded, 0.01-g readability q plate: stainless steel, 61 cm (2 ft) x 122 cm (4 ft) q sled: stainless steel, 1 kg, 114 mm x 114 mm base; a curved leading edge on the base of the sled forms a lip to which the quarter-folded sample is attached using a spring-loaded clip. Two stainless steel screws are affixed to either outboard edge of the sled in the leading curved edge. water: because it was convenient (but unnecessary) to do so, RO/DI water was used.
q apparatus: a polyester string is attached to the sled at the stainless steel screws, forming a yoke. A second polyester string (~4 ft long) is attached at the midpoint of the yoke. The string is used to pull the sled at a rate of ~25 cm/sec. A 60 hz motor equipped with a sheave of 25 cm circumference was used as a capstan device to pull the sled at a constant and uniform speed.
The procedure is as follows:
Figure 2 ILLUSTRATION OF DYNAMIC WIPING EFFICIENCY APPARATUS
Quarter-fold a single ply of wiping material (cut to 9 in. by 9 in.) and determine its dry mass, M d , to the nearest 0.01 g.
1.
Clip the quarter-folded wiper to the sled so that the single convex fold is at the leading edge.
2.
Position the sled at one end of the stainless steel plate with the leading edge perpendicular to the axis of the long dimension of the plate. (Figure 2) 
3.
If the intrinsic sorptive capacity, A i , of a wiper is not already known, determine it on a separate ply of the material using the referenced procedure [1, 4] . From the calculated A i and the measured mass of each wiper, calculate the per-ply capacity A ip [mL/g] for each wiper. This quantity is needed in order to calculate to volume representing a 50% challenge. (Alternately, the per-ply capacity may be determined directly by saturating and draining individual plies as prescribed in the method [1, 4] .)
4.
Using the dispenser, place the desired volumetric challenge of water, v c , onto the plate at a point a few centimeters in front of the leading edge of the sled.
5.
Using the string, pull the sled at a rate of ~25 cm/s through the water and along the long axis of the tray, a distance of 100 cm. This is achieved by loosely wrapping the string around the capstan/sheave and applying tension to provide constant speed.
6.
Remove the folded wiper from the sled, determine its wetted mass, mw, and, by difference, the mass of water sorbed. Calculate, using the density of water (0.997 g/mL at 25 o ) the volume of water sorbed, v s . Calculate the dynamic wiping efficiency, DWE, by dividing the volume of water sorbed, v s , by the volume of the challenge, v c , and converting to a percentage: Table 3 , while the 50% capacity challenge data are presented in Table 4 . Six replicates were run in each case. From a user's point of view, the constant volume challenge data may be more useful than a relative basis, since it expresses how well a particular wiper, regardless of basis weight, removes a spill of a given volume.
The top two performers, about tied with DWE's of 98+%, were hydroentangled fabrics with a bulky character, imparted either by creping ("C") or stitchbonding ("D"). The non-creped lighter weight hydroentangled fabric ("B") turned in noticeably poorer performance versus the creped item ("C"). Following the leaders in second place was the hydroentangled rayon/polyester composite with binder and surfactant added ("E"). By way of comparison, a similar fabric ("F") with even higher rayon content, but presumably lacking a surfactant, came in 7% lower, with a DWE of less than 90%. Turning in the poorest performance of "wipe-dry" was the spunbonded surfactant-treated polypropylene and the sealed-edge knit polyester used as a cleanroom wipe. The remaining fabrics occupied a middle ground of performance, (apparently acceptable, since all fabrics are sold commercially), yet clearly lagging the top performers. If bursting strength is a concern, one can choose from a broad selection, ranging from knit or woven fabrics which did not break on the diaphragm tester, down to fabrics constructed by papermaking or spunbonding technologies. The best combination of good "wipe-dry" and high strength were claimed, once again, by the bulky hydroentangled fabrics ("D" and "C").
Also included in Table 3 (and Table 4 ) are statistics of variability, expressed as n-1, for the six replicates per item. In general, wipers with poor DWE's also turned in higher variability in picking up the challenge, while those with high DWE's performed more consistently. A linear correlation of DWE with n-1 gave a correlation coefficient, "r," of -0.80. A similar correlation, this time between DWE's and the underlying rate of sorption (R e ) from Table 2 , indicated a somewhat poorer dependency, with an "r" factor of +0.60. While rate of sorption is an important factor in influencing wipe-dry, it does not tell the whole story. As indicated earlier, wiping efficiency is a complex issue involving not only the rate of sorption and capacity, but surface tension competition between the surface and the wiper for the fluid, and liquid de-sorption under the stresses of wiping.
In Table 4 , data for DWE are given versus the challenge calculated on a relative basis. Here, each wiper was challenged with 50% of its statically-determined capacity. From the point of view of developing new wiping materials or in trying to compare wipers of very different capacities, expressing the challenge as a percent of the sorptive capacity of the wiper (100 v c /A ip ) is more relevant.
For these data, the correlation between DWE and n-1 is even stronger, if the outlier of the hydroentangled 82% rayon/18% polyester fabric ("F") is excluded. These data reflect a correlation coefficient of -0.96 for the relationship. Much of the high variability of wiper performance for those with low DWE (poor wipe-dry) is due to the visible trails of liquid left in their wake, akin to a barge pushing water aside as a bow wave.
One would expect as the 50% capacity challenge exceeded the constant volume challenge of 10 mL, the corresponding DWE's for the respective wipers would decrease. And, conversely, as the 50% capacity challenge represented less than the 10 mL constant volume challenge, the corresponding DWE's would increase. This, in fact, is born out by six of the 11candidates, with three additional items turning in about equivalent performance for each of the challenges. The remaining two, with odd performance, were composed of 100% polyester ("H") or 100% polypropylene ("K"). Whether this behavior is tied to their construction, composition, or merely the result of high variability (both had low DWE's) is unknown.
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Conclusions
A new test to determine the dynamic wiping efficiency of fabrics was developed and applied to a range of wiping fabrics used in industrial, food service, and cleanroom applications. The dynamic test more nearly represents typical manual wiping than do static tests measuring sorbent capacity and rate. Eleven fabrics, representing a broad range of composition and construction, were assessed. As a class, hydroentangled fabrics generally outperformed those made by other means. Of those, fabrics with bulky character, imparted through creping or stitchbonding, exhibited superior "wipe-dry."
